Introduction
It is important to have a fundamental understanding of the mechanics of the brittle-ductile transition in many geologic problems. The deformation mechanisms operative on scales ranging from the microscopic to macroscopic have profound influence on the microstructure preserved in naturally deformed rocks, the limits on the state of stress in the lithosphere, the spatiotemporal evolution of stress and deformation during the earthquake cycle, and the coupling of crustal deformation and fluid transport. It is now recognized that the brittle-ductile transition is associated with a broad regime of complex deformation and failure mode. The mechanics of the transition is sensitively dependent on extrinsic variables (that include confining and pore pressures, temperature, strain rate, and fluid chemistry) as well as Previous studies have demonstrated that porosity change and failure mode are intimately related. On one hand, dilatancy is universally observed as a precursor to the inception of shear localization in the brittle faulting regime [Brace, 1978] . On the other hand, plastic flow (associated with crystal plasticity and diffusive mass transfer) does not involve any volumetric change [Paterson, 1978] . In the transitional regime of cataclastic flow (manifested by homogeneously distributed microcracking) the scenario is more complicated since the pore space may dilate or compact in response to an applied stress field.
In relatively porous silicate rocks [e.g., Handin and Hager, 1957; Hadizadeh and Rutter, 1983; Shimada, 1986 ] a transition of the failure mode from brittle fracture to cataclastic flow can be induced at room temperature by an increase in pressure only. In the cataclastic flow regime the pore space undergoes significant inelastic compaction while the rock strain hardens [Edmond and Paterson, 1972] . The marbles, even the ones with very low porosity like the Carrara marble, undergo the brittle to plastic transition at room temperature for confining pressures accessible in the laboratory [Robertson, 1955; Paterson, 1958; Heard, 1960; Rutter, 1974] . This is probably due to the fact that calcite requires relatively low shear stresses to initiate mechanical twinning and dislocation slip even at room temperature [Turner et al., 1954; Griggs et al., 1960] . The transition occurs at a pressure that decreases with increasing grain size [Fredrich et al., 1990] . In Carrara marble, appreciable dilatancy occurs even when shear localization is inhibited and the sample strain hardens [Fredrich et al., 1989 ; Fischer and Paterson, 1989] . That dilatancy occurs while the compact marble undergoes cataclastic flow suggests that the relatively low or high porosities that are associated with purely dilatant or compactive cataclastic flow. In a rock with porosity intermediate between these two end-members, strain hardening and cataclastic flow are expected to arise from the complex interplay of dilatant and compactive deformation mechanisms. In this transitional regime it is unlikely that compaction and dilatancy can be considered as mutually exclusive deformation processes, especially when large strains are involved as in many geological field settings. Indeed, the interplay of compaction and dilatancy is a central feature in many constitutive models for porous geomaterials [e.g., Fossum et al., 1995] .
In an attempt to elucidate the interplay and partitioning of dilatancy and compaction we conducted detailed measurements of the stress and strain, as well as their influence on the failure mode of the Solnhofen limestone (with an initial porosity of 3%). Although many aspects of the brittle-ductile transition and creep behavior in this rock have been studied [Robertson, 1955; Heard, 1960 
Mechanical Data

Sample Material and Preparation
Solnhofen limestone is composed of 99.9% of calcite. We determined the total porosity of each of our samples that were cored from the same block. After measuring the weight and the volume of the sample we calculated its porosity (assuming that it was entirely composed of calcite). We found that the total porosity ranges from 2.7% to 3.3%, with an arithmetic mean of 3.0%. Our block is less porous than samples used in most previous studies (with total porosities ranging from 3.7% to 5.9%), except for Heard's [1960] samples that had 1.7% of porosity. We also tlsed the saturation technique to determine the interconnected porosities in selected samples, which were found to be -1.5%, indicating that the limestone contains a large proportion of unconnected, vugular type of pores. We did not determine the average grain size, but it was reported to be -5 gm in previous studies [Robertson, 1955; Heard, 1960; Edmond and Paterson, 1972; Fredrich et al., 1990; Renner and Rumreel, 1996; Fisher and Paterson, 1989; Rutter, 1972] .
Rock samples were cored to a diameter of 18.1 mm and cut to a length of 38.1 min. The samples were dried in vacuum at 80øC for several days. They were first jacketed with a thin copper foil, and heat-shrink polyolefine tubings were then used to separate the sample from confining pressure. The longitudinal and transverse strains were measured by electric resistance strain gauges (BHL Constantan foil FAE-50-12-S6 for measurements of strains up to 5%). A hydrostatic pressure of 50 MPa was first applied to each sample to "season" the copper jacket, and then the strain gauges were glued on the jacketed sample in orthogonal directions. The volumetric strain was calculated using the relation ev = ell + 2%_, where • II and %_ are the strains measured in the axial and transverse directions, respectively. This formula neglects second-order contributions of strains to the volume change that may be appreciable at relatively large strains.
Experimental Procedure
The jacketed samples were stressed in the conventional triaxial configuration at room temperature. Kerosene was used as the confining medium. The experiments were performed at confining pressures ranging from 10 to Brace [1978] , and here we demonstrate that shear-enhanced compaction and pore collapse are readily observed in a limestone that has an initial porosity as low as 3% and pore size that is probably comparable to the average grain size (-•5 I. tm).
This implies that pore collapse is a fairly common deformation process that can occur even in rocks considered to be relatively compact. However, it should be noted that such compactive deformation may be transient in nature. As mapped in the stress space (Figure 6 ), the yield stresses for shear-enhanced compaction in Solnhofen limestone are initially described by a compactive yield envelope with negative slope that expands with strain hardening, gradually evolving to a dilatant yield envelope with positive slope. Although it has not been explored systematically, this intriguing phenomenon of compaction as a transient precursor leading to dilatancy seems to be not very uncommon. In the literature, Schock et al. [1973] reported phenomenological behavior in the Lance sandstone (with 7.5% porosity) that is very similar to our observations for Solnhofen limestone. For comparison, we determined from their stress-strain curves values of C*, C*', C', and brittle strength and plotted the data in Figure 7 .
It is therefore inappropriate to view stress-induced compaction and dilatancy as mutually exclusive processes, especially when large strains are involved, as in many geological field settings. Our experiments were conducted up to a maximum axial strain of-5%.
It is conceivable that more complex behavior would occur if deformation was to develop to even larger strains. The brittle-ductile transition is associated with a broad spectrum of highly complex deformation mechanisms, failure modes, and fluid transport processes. While dilatant cataclastic flow may be a transient precursor for the inception of shear localization and brittle faulting, shear-enhanced compaction may also evolve to dilatant cataclasis. Extrapolation of our laboratory data to the temporal and spatial scales of geologic settings would require a fundamental understanding of the micromechanics of the brittle-ductile transition, which may involve the complex interplay of microcracking, crystal plasticity, and diffusive mass transfer processes in Solnhofen limestone. for the elastic moduli of calcite, but as noted by Curran and Carroll [1979] , the yield envelope has a relatively weak dependence on the elastic moduli. Except for slight differences in the curvatures, our curves in Figure 10a are nearly the same as theirs calculated using different elastic moduli.
The experimental data for the onset of shear-enhanced compaction (Figure 6 ) can be fitted with the theoretical yield envelope for plastic pore collapse if an uniaxial yield stress of k = 563 MPa (or Y = 975 MPa) is assumed (Figure 11 ). For reference, the critical resolved shear stresses for f slip in calcite is 216 MPa, and for r slip it ranges from 145 to 185 MPa [Turner et al., 1954; Griggs et al., 1960] . Although our inferred value of k is higher than these yield stresses measured for specific slip systems of calcite, we consider it likely that the macroscopic yield would require a significantly higher stress level. The plastic pore collapse model requires homogeneous plastic flow to occur in the proximity of the pore surface. As elaborated by Paterson [1969] , the von Mises requirement of five independent slip systems as a necessary condition for this type of macroscopic flow implies that multiple slip systems (some of which are not favorably oriented) need to be activated, and strain hardening would take place very rapidly.
It is well known that e-twinning in calcite can be activated at very low stresses. When calcite crystals are favorably oriented for twinning, then the combination of twinning and one of the slip modes would provide the equivalent of five independent slip systems [Paterson, 1969 [Paterson, , 1979 
where Y is the initial yield stress under uniaxial loading (as defined for equation (5)) and qb is the current porosity. It should be noted that the total yield condition does not depend on the elastic moduli or initial porosity. As shown in Figure  10b , the attainment of total yield requires a significant increase of differential stress subsequent to initial yield. Our mechanical data do not suggest that this final stage of plastic pore collapse was achieved in our experiments on Solnhofen limestone.
Transition From Shear-Enhanced Compaction to Dilatancy' Microcracking Induced by Dislocation Pileup
The plastic collapse model focuses on the deformation in the vicinity of the quasi-spherical pores. However, as density of the dislocations increases during the strain hardening, their movement is inhibited by obstacles that include grain boundaries, second-phase particles, and nearby dislocations. As a result, a pileup will occur in which mutually repulsive forces between neighboring dislocations are counteracted by the externally applied shear stress (Figure 8d ). Microcracking may be induced if the tensile stress concentration ahead of the dislocation pileup is sufficiently high [Zener, 1948] . Nucleation and propagation of such microcracks induce the pore space to dilate.
If we consider a slip plane that is subjected to a resolved shear stress x,, dislocations can move if this stress exceeds the Figure 12) .
The apparent agreement suggests that the interplay of dislocation and microcracking activities can explain the transition from shear-enhanced compaction to dilatancy. However, it should be noted that such a comparison has certain limitations. First, the shear stress xr as originally envisioned by Stroh [1957] represents the lattice friction stress, which is probably very small in calcite. Hence the relatively high values here should be interpreted as generalized resistance stresses that include lattice friction as well as other stresses that result from complex interactions with various obstacles present in the polycrystalline aggregate. Second, the model is for the initiation of dilatant cracking, but the overall development of dilatancy in the rock as a whole would require the cumulative dilation due to cracking exceed the concomitant compaction due to plastic pore collapse. Hence equation ( [1990] . While the wing crack model may idealize the complicated mechanisms that are actually involved in brittle faulting, it provides a semiquantitative description that is particularly useful for a comparative analysis. It should also be noted that porosity also has influence on the brittle strength. In Figure 14 we compile all the published data for Solnhofen limestone (with initial porosities ranging from 1.7% to 5.9%). There is a general trend for the peak stress to decrease with increasing porosity.
On the other hand, two significant differences between the marble and limestone were observed in the cataclastic flow regime. First, inelastic compaction was absent, and only 
